Abstract-A vertical-plane-launch (VPL) technique for approximating a full three dimensional (3-D) site-specific ray trace to predict propagation effects in cities for frequencies in the 300-MHz-3-GHz band is described and its predictions are compared with measurements for Rosslyn, VA. The VPL technique employs the standard shoot and bounce method in the horizontal plane while using a deterministic approach to find the vertical displacement of the unfolded ray paths. This approximation is valid since buildings walls are almost always vertical. The VPL method shows significant improvement compared with the slantplane/vertical-plane (SP/VP) method for rooftop antennas. For a base station located at street level, the VPL method gives better predictions than the two-dimensional (2-D) method in locations where propagation over buildings is significant.
I. INTRODUCTION
R ECENTLY, there has been considerable interest in using ray-tracing techniques together with the uniform theory of diffraction (UTD) to predict propagation within urban environments for frequencies in the UHF band. This interest is sparked by the growth of wireless communications and the introduction of personal communication services (PCS), which requires the use of microcells covering ranges of less than 1 km to support the anticipated high density of users. Over these small ranges, statistical prediction models based on measurements can show considerable error, especially in areas having mixed building sizes. In contrast, ray-tracing techniques that are able to find the dominant propagation paths can be expected to exhibit accuracy and efficiency over these small ranges, thus providing a theoretical model that is superior to the statistical models.
The key to any robust ray-tracing propagation model is to find a computationally fast way to determine the dominant ray paths so as to provide accurate path-loss predictions. It is well known for outdoor propagation prediction that in addition to specular reflections, diffraction at edges must be accounted for, especially in nonLOS regions. Unfortunately, diffractions are very inefficient to model since a single source ray at an edge will generate a whole family of new rays [1] . The generation of so many diffracted rays limits the number of diffractions that can be considered on any given ray path to at most two, unless an approximation can be made to find the few contributing rays. Such an approximation is essential for Manuscript received March 18, 1997; revised January 12, 1998 . The authors are with the Center for Advanced Technology in Telecommunications, Polytechnic University, Brooklyn, NY 11201 USA.
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some building environment since the dominant paths involve multiple forward diffraction over many buildings [2] . In order to find the contributing rays in an urban environment wherein building walls are nearly always vertical planar polygons, we have developed the vertical-plane-launch (VPL) method. The VPL approach accounts for specular reflections from vertical surfaces and diffraction at vertical edges and approximates diffraction at a horizontal edges by restricting the diffracted rays to lie in the plane of incidence, or in the plane of reflection. Compared to the full three-dimensional (3-D) shoot and bounce ray (SBR) method [3] or the 3-D image method [4] , that can handle at most one or two diffractions for any edge orientation, the VPL approach can treat many multiple forward diffraction at horizontal edges. Unlike the vertical-plane/slantplane (SP/VP) approximation [5] whose application is limited to low base-station antennas, the VPL method can be used for rooftop antennas and areas of mixed building heights. It provides nearly identical results with the two-dimensional (2-D) method for low transmitting and receiving antennas in a tall building environment, in which case propagation takes place around buildings. The predictions of the VPL method are in good agreement with the measurements made in Rosslyn, VA.
II. VERTICAL-PLANE-LAUNCH METHOD
The concept of the VPL method for a rooftop antenna is indicated in Fig. 1 , which shows half planes originating from a vertical line through the transmitter and extending outward in one direction. As an example, the plane labeled "1" extending between the transmitter and receiver 1 in Fig. 1 contains a ray that must propagate over the intervening rows of building. The ray reaching receiver 2 consists of two segments with the incident ray contained in vertical plane 1 and the reflected ray is contained in plane 2 representing a reflection from the tall building then traveling over a series of lower buildings before arriving at the receiver. For receiver 3, the illuminating ray in the vertical plane 3 must undergoes diffraction at the vertical edges of two buildings before traveling over the rooftops of lower buildings to the receiver.
Unlike a full 3-D SBR method, where rays are launched in 3-D space and all directions are treated in a unified manner, the VPL method takes into account the nearly universal use of vertical walls in building construction and differentiates the horizontal and vertical directions. In the horizontal directions, 2-D rays representing the vertical planes are launched from the source in a manner similar to that of the 2-D pincushion method previously used for indoor propagation [6] . This method generates a binary tree at the point where the 0018-926X/98$10.00 © 1998 IEEE vertical plane intersects an exterior face of a building wall, with one plane continuing along the incident direction and a second plane going off in the direction of specular reflection, as shown in Fig. 2 . The plane that continues in the incident direction contains rays that propagate directly over the building and rays that are diffracted over the buildings at its horizontal edges. The plane that is spawned in the reflected direction contains rays that are either specularly reflected from the building face or are diffracted at the top horizontal edge of the wall. The path that a ray travels in the vertical direction is found by examining the profile of all the buildings in the unfolded set of vertical plane segments between the source and receiver and uses deterministic equations to calculate the vertical displacement and received signal strength.
A vertical plane segment is considered to have illuminated the receiver if two conditions are met. The ray must intersect the capture circle of a receiver, as described in [6] and it must lie in the vertical wedge of the illumination. The capture circle is a concept used in conjunction with rays traced at a discrete angular separation to ensure that the signal associated with a continuous family of rays undergoing the same set of reflections and diffractions before illuminating the receiver is counted once and only once. In the vertical plane the illumination wedge is used to represent the extent in the vertical direction of the region illuminated by a continuous family of rays that have undergone a particular set of reflections and diffractions.
Once the receiver is considered to be illuminated then all the interactions along the unfolded path can be use to determine the total path loss. In addition to the path length effects, the total path loss depends on the product of the reflection and diffraction coefficients. For a vertically or horizontally polarized source, the reflection coefficient at walls is approximated by that of a TE-or TM-polarized plane wave, respectively, at a dielectric half space [7] with a dielectric constant of . The use of the reflection coefficient for a dielectric half space with -is suggested by direct measurements [8] , and this range of is found in our predictions to give the least error with the measurements. Diffraction at edges can be approximated as the product of the UTD diffraction coefficients from an absorbing [9] , perfectly conducting [10] , or dielectric wedge [11] although this is limited to a few edges in cascade. Alternatively, numerical techniques such as discussed in [12] - [14] can be employed when more than a few horizontal edges must be accounted for, as discussed below.
The ray-trace architecture is describe by the flow chart shown in Fig. 3 and contains three major modules. One module contains the functionalities used to determine if a vertical plane will intersect with the walls of the building. The second module determines whether a receiver will be illuminated by the vertical plane and, if so, calculates the path loss associated with this path. Finally, the third major component finds all the vertical building corners that will be illuminated by the vertical planes and stores the information necessary to subsequently determine the diffracted field at a receiver. The ray trace utilizes these three modules in a recursive and repetitive manner for each plane emitted from a source.
The VPL technique is able to account for rays that undergo multiple interactions as a result of a combination of forward diffractions at horizontal edges with reflections from building walls and single or double diffraction at a vertical edge of a building. The VPL method neglects rays that are transmitted through the building, diffuse scattering from the walls, and rays that travel under a structure. It also neglects reflections from the rooftop, which travel upward and, hence, away from the buildings and receivers. These simplifications are made because it is believed that the rays do not significantly contribute to the total received power in a microcellular environment or that they occur very infrequently and their inclusion would substantially increase the model's complexity and the computation time.
A. Description of Building Database for Ray Tracing
Since ray launching is confined to the horizontal plane, the buildings are represented by their footprints as closed polygons. A simple building may consist of an arbitrary number of points representing the vertical edges of the building and ordered in a counterclockwise direction. Instead of repre- senting each surface of the building explicitly, this method allows for a simpler representation by assuming the walls are vertical. The vertical dimensions and locations of the building relative to a datum point are explicitly retained in the database. Buildings that are comprised of multiple stacked structures are represented by an equal number of separate polygons that overlap each other. Buildings with simple slanted roofs can be represented by including a larger vertical dimension at the higher vertices. By combining two slanting roofs, peaked roofs can also be represented as two structures coupled together along the line forming the apex of the roof. While reflection from the roofs is neglected, by including slanting roofs we are able to more accurately model diffraction over such buildings.
B. Reflection from Vertical Walls
Reflections from building walls are considered to be possible if the angle , between the incident 2-D ray representing the vertical plane and the outward normal of the wall in the indicates the case when it is not. In general, when a 2-D ray passes through a polygon representing a building there will be at least one reflecting and one nonreflecting surface. For the case when a building is comprised of multiple stacked structures represented by nested polygons there is a reflected 2-D ray generated by each surface whose outward normal makes an angle of greater than 90 with the incident 2-D ray. In the vertical plane, reflections are consider to be possible if the vertical extent of the ray family represented by the plane overlaps the vertical height of the wall. The initial plane from a source is of infinite extent in the vertical direction but, after the first reflection, its extent will be limited by the angles between the source and the top and bottom edges of the reflecting wall (as shown in Fig. 4) . If the source is higher than the top edge of a reflecting surface (as for source point 1 in Fig. 4 ), then both and are negative, while if the source is below the top edge (as for source point 2), then but . An additional case not shown in Fig. 4 is when both and as a result of the source being below the bottom of the wall. These wedge-shaped sectors give the limits in the reflected vertical plane of the geometrically reflected fields and are tracked through subsequent building interactions to determine the region illuminated by the reflected rays. Outside of the wedge sector, rays that are back diffracted from the top edge of the wall give a dominant contribution to the field in the reflected vertical plane segment. The procedure used to keep track of the regions in which the back diffracted rays contribute through subsequent building interactions is discussed below.
The major computational effort in the program is to determine the intersection points of the vertical plane segments with the building walls. Because a binary tree is created by the reflected vertical planes, allowing for reflections generates plane-wall intersections that must be computed for each initial vertical plane. In order to reduce the number of such computations, a pruning procedure based on and is used to terminate the tracing along certain branches, as suggested in Fig. 5 . An additional restriction is imposed by limiting the number of back diffraction from horizontal building edges to a single event. 5 shows several different cases for a wedge-shaped sector that can occur when testing the illumination wedge in the vertical plane. When the wedge illuminates the face but the not the top edge of building 1 as shown in Fig. 5(a) , the vertical plane segment in the reflected direction is continued while the vertical plane segment in the incident direction is terminated. The most general case when no pruning of the ray occurs is shown in Fig. 5(b) , where the wedge of rays illuminates the face and the top edge of building one. In this case, the transmitted vertical plane continues to building 2 in the incident direction, and a specular reflected vertical plane is created at building one. For the case shown in Fig. 5 (c) the opposite is true-neither the transmitted nor reflected vertical planes are generated because the wedge fails to intersect the wall. Finally, in Fig. 5(d) the vertical plane that is transmitted past building one is continued to the next building, while no reflected plane is created at building one.
C. Multiple Diffraction at Horizontal Edges
The continuation of the incident plane past a building is used to represent rays propagating over the buildings and to approximate rays diffracted by the horizontal edges. A list of building walls intersected by the vertical plane segments is created for each vertical plane segment that begins from a source or is spawned from a reflection. When the final vertical plane segment illuminates a receiver point, the entire series of horizontal building edges lying between the source and receiver is available in the unfolded vertical plane. Since not every edge that intersects the vertical plane interacts with the ray reaching a receiver location, only those edges that influence the ray field need to be found in order to determine the diffraction loss due to propagation over the buildings. The significant edges can be described by the concept of the convex hull, which finds the set of points that forms the smallest polygon for which each point in the set is either in the boundary of the convex polygon or in its interior. The convex hull can be thought of as the shape of a rubber band going around the edges and ending on the source and receiver points. For diffraction over buildings, it is only necessary to find the upper convex hull; that is, only those edges that protrude above an imaginary line connecting the source and receiver points. Note that the source and receiver locations are the end points of the convex hull.
A profile of all horizontal edges is initially constructed from the unfolded vertical plane between the transmitter and receiver. The algorithm then removes all edges that are below the line between the source point and prediction point and from the remaining points, if any, finds all the edges that form the largest convex perimeter of edges. These edges are designated as diffracting edges that block the ray from traveling directly between the source and the receiver.
Within each segment between these convex hull points there can be additional edges that might interfere with the propagation of the field if the edge lies in the Fresnel zone. In the vertical profile, the Fresnel zone is an elliptical region about the line joining two adjacent points in the convex hull that are at its foci. The half-width of the Fresnel zone at any point between two convex hull can be approximated by (1) where is the length of the line connecting the two convex hull points, is the distance along the connecting line measured from a convex hull point, is the wavelength, and is the Fresnel zone number. The complete list of diffracting edges consists of the edges in the convex hull and any edges within the Fresnel zones connecting convex hull points. A Fresnel zone index is adequate to account for all significant diffraction effects. In order to reduce the number of diffraction calculations associated with the Fresnel zone edges, only the edge that most significantly interfered with the Fresnel zone is used. The additional diffraction loss caused by the edge is obtained from the application of a simple formula for a nonobstructing knife edge [15] .
The effect of diffracting past all of the significant edges can be determined from numerical integration [12] , [14] . However, for the predictions reported here we have used a simplified procedure that is more computationally efficient. If the list of convex hull points has four or fewer edges, the UTD diffraction coefficients [11] for all the edges are cascaded. For more than four edges in the convex hull, a procedure is used to select the four edges used to approximate diffraction over the rooftops. This procedure retains the edge closest to the receiver and the one immediately after the transmitter. It then finds the two other edges falling in between that protrude the furthest above the line joining the source and receiver. If one of the edges in the convex hull is a back diffracting edge, then it must be retained and the other three edges are found by the procedure just outlined.
The VPL method will allow for a single-back diffraction from a horizontal edge anywhere along the ray path. If the top edge of a wall is illuminated, but the vertical wedge reflected from the wall fails to illuminate the top edge of the next wall then a back diffraction is considered to have occurred at the first edge. The back diffraction acts as a secondary source and is implicitly carried forward because the vertical wedge immediately after the back diffracting edge has an infinite extent in once again. For this instance, the geometrical optic rays do not propagate over the rooftop but rather it is the diffracted rays that carry energy over the building. Since back diffraction is a comparatively weak propagation phenomenon, we allow for its inclusion only once along a ray path. The addition of a back diffraction edge is treated in a slightly different manner when performing the convex hull test and in calculating the path loss. Since the back diffracting edge must be included in the vertical profile of edges, it becomes necessary to perform two convex hull test, one in the segment of the unfolded vertical plane between the source and the back diffracting edge and the other in the segment between the edge and the receiver. In this way, all significant edges will be included in the excess loss calculations.
In Fig. 6 the unfolded vertical plane of a typical trace shows a ray path that has undergone a back diffraction along with diffraction over building rooftops and reflections from building walls. The vertical profile shown in Fig. 6 represent the unfolded path of five ray segments. Each segment or fold lines of the vertical plane in 3-D is delimited by a reflection (light dashed line), a back diffraction (dotted line), the source, or receiver. In this example there are six points in the convex hull including the source and receiver, which are the end points, and four horizontal edges where diffraction must occur in order for the signal to reach the receiver. The edges include the single-back diffracting edge as well as the two edge of the tall building and the edge just prior to the receiver. After all the convex hull edges have been found, edges that fall within the separate Fresnel zones between each pair of convex hull points are determined. In the example shown in Fig. 6 , only the edge closest to the source (shown as a heavy dashed line) falls inside the Fresnel zone.
D. Diffraction at Vertical Edges
Diffraction at vertical edges (corners) are treated in a manner similar to that of a 2-D ray trace in the horizontal plane, where building corners are represented by a point. Vertical plane segments that pass through the corner's capture circle are considered to have illuminated the corner and are stored as a series of source planes for that corner. The vertical edge is then treated as a secondary source of vertical planes, whose vertical extent is limited by the largest illumination wedge of all the source planes. Single-corner diffractions are the result of illumination from the source, which may illuminate the edge after one or more reflections and/or diffraction at horizontal edges, while double-corner diffraction is due to illumination from first-order corner-diffracted rays, again, after further possible reflections and diffractions at horizontal edges. An example of diffraction around the building is shown by the dashed rays in Fig. 2 . The incident or source ray illuminates the corner after traveling over two buildings while the diffracted rays originate at the corner and are traced identically like the rays from the transmitter.
When a plane that is diffracted from a vertical edge illuminates a receiver point, the list of reflecting walls and horizontal edges for each vertical plane that illuminated the corner is attached to the list of horizontal edges between the corner and the receiver. The diffraction coefficient [11] for the corner is determined from the angles that the incident and diffracted vertical planes make with the normal to the illuminated wall. Then using the techniques described in the previous section, all the diffracting horizontal edges, if any, are found and their excess loss is calculated. Finally, the total path loss is the sum of the free-space path loss and the excess path loss due to reflections, horizontal, and vertical edge diffractions. This procedure is performed once for each source ray that has illuminated the corner. For double-corner diffraction, all combinations of vertical planes from the source to the first corner from the first to the second corner and from the second corner to the receiver need to be used to find all possible ray paths.
E. Ground Reflection
A reflection from the ground is accounted for by assuming the ground is horizontal in the vicinity of the receiver. The two-ray model for paths within the same vertical plane is then used, taking the source in the two-ray model to be the closest point in the convex hull. The fields of the direct and ground reflected rays are added coherently to allow for their destructive interference at large distance. The ground reflected path has a path length equal to the distance from the image source to the receiver. The length of the direct and ground reflected rays are given by (2) where and are the coordinates for the closest point in the convex hull and the receiver point, respectively, and is the height of the ground at the receiver. The effect of coherently summing the two rays can be approximated by the product of the direct ray signal and the factor where is the Fresnel reflection coefficient for a plane wave incident on a lossy dielectric half-space.
III. PREDICTIONS IN AN URBAN ENVIRONMENT
Measurements were conducted by AT&T at 900 and 1900 MHz in the downtown core of Rosslyn, VA, which is comprised of a few lower buildings dispersed among mostly high-rise office buildings, as shown in Fig. 1 . The building footprints, as well as the transmitter and receiver locations, are are shown in Fig. 7 . The 400 receivers or prediction points are ordered consecutively for each street along the drive route and are located 5 m apart and approximately 2.5 m above the ground. Transmitters 5 and 6 are on rooftops at a curb height of 42 and 44 m, respectively, and both employ directional antennas (beamwidth 25-30 ) with directed along the positive axis and along the positive axis in azimuth, while both are downtilted 6 . All other transmitters use an omnidirectional antenna at both frequencies and are located 10 m above street level.
The measurements were taken simultaneously for both frequencies and one second average of the signals were recorded at 1-m intervals as the measurement vehicle drove down each street. The measured path loss for each prediction points was determined from the average of all measurements points that were within a 5-m-diameter circle of the receiver in order to average out the fast fading of the signal. For comparison, we have predicted the sector averaged received power normalized over 1 W of transmitted power by summing the individual powers of the contributing rays [16] , except for the use of the two-ray model to account for ground reflections.
A. Comparison with the Slant/Vertical Plane Method
For a rooftop transmitter, the dominated propagation mechanisms are expected to include paths that go over as well as around the buildings. This includes paths that travel over a series of buildings before diffracting at a horizontal edge down to the receiver. In conjunction with this path directly over the buildings, there can also be rays that reflect from a building wall in the vicinity of the source before propagating over the buildings and rays that reflect from a building wall near the receiver after the ray has gone over the other buildings. Finally, paths that undergo a single diffraction at a vertical corner of a building in combination with propagation over lower buildings or reflections will also contribute to the total power received at the receiver.
The SP/VP method, as described in [5] , is intended to account for the paths that propagate over as well as around the buildings by confining the rays to lie in a set of orthogonal planes that contain the transmitter and receiver. This approximation can accurately predict the path loss if the difference in height between the transmitter and the receiver is not very large, and if the buildings are of nearly uniform height. On the other hand, for a rooftop transmitter, the slant plane becomes very steep and cannot properly account for ray paths that do not lie in this plane. For example, any ray that undergoes more than one reflection does not lie in the slant plane. An additional deficiency associated with a very steep slant plane occurs when the slant plane fails to intersect with the buildings that are further from the transmitter than the receiver. In this case, it is possible that a ray path can interact with those buildings before illuminating the receiver.
The VPL method overcomes the limitations of the SP/VP method because it allows the ray path between the source and receiver to lie anywhere in 3-D space. Although the actual ray tracing is confined to the vertical plane, the process of unfolding the all the vertical plane segments when resolving the vertical displacements allows the rays to travel any path in 3-D space. The only approximation to the ray path in the VPL method is that the rays diffracted at a horizontal edge are taken to lie in the incident and specularly reflected vertical planes instead of the diffraction cone of rays [1] . This approximation introduces a small error to the ray trace since the ray that arrives at a receiver is not completely contained within the unfolded vertical plane segments.
Predictions for the rooftop antenna were made with both the VPL and SP/VP methods. Fig. 8 compares the predictions of the VPL method (dashed curve), the SP/VP method (dotted curve), and the measurements (solid curve) for . The thick vertical lines separates the receivers along different streets of the measurement area. The VPL method is seen to provide better agreement with the measurements compared with the SP/VP method, especially for receivers close to the transmitter (receiver numbers 1155-1182 and 1315-1325). For these locations the SP/VP method misses some important rays reflected from the buildings because those rays are not confined to either the slant or vertical planes. The VPL method, however, can account for rays that propagate over buildings in addition to reflecting off a nearby building close to the transmitter or the receiver.
There is also a considerable improvement in computational time of the VPL method over the SP/VP method since only a single ray-trace set needs to be performed for the entire set of receivers in the VPL method. On the other hand, a separate ray tracing must be done for each distinct set of slant and vertical planes between each transmitter and receiver in the SP/VP method. In general, the VPL method is able to properly account for the ray paths for a rooftop antenna with substantially better run-time performance than the SP/VP method.
B. Comparison with the 2-D Method
For street-level transmitters that are 10 m above the ground, the predictions for the VPL and 2-D ray trace in the horizontal plane are expected to be similar when the surrounding buildings are much higher. In a high-rise urban environment, propagation over the buildings does not significantly contribute to the total power received. Instead, the dominate propagation paths are expected to lie in a nearly horizontal plane that contains the transmitter and all the receivers. Therefore, the propagation mechanisms are associated with specular reflections from the walls, in combination with single or double diffraction at the vertical corners of the buildings. These ray paths can be accurately and readily found by performing a 2-D ray trace in the horizontal plane.
For an environment containing buildings of mixed height where not all the buildings are significantly higher than the source or the receiver, propagation paths that go over as well as around the buildings are needed for some receiver locations. In these cases, the 2-D ray trace provides pessimistic predictions. On the other hand, the VPL method retains the rays propagating over the buildings by accounting for the vertical dimension within the ray trace. Fig. 9 shows a comparison of the predictions obtained from a 2-D ray trace (dotted curve), the VPL method (dashed curve), and the measurements (solid curve) for , which is located near the center of core Rosslyn (shown in Fig. 7) . The predictions for both methods were made by allowing one corner diffraction and up to six reflections before and after the corner diffraction. In combination with this, the VPL also includes a maximum of up to four diffraction at the horizontal building edges. In general, the predictions for both methods are more optimistic than the measurements, especially along the line of sight streets. On the other hand, along streets that are heavily shadowed from the transmitter, the 2-D method is very pessimistic while the VPL method provides closer agreement with the measurements. This is particularly evident for the receivers located on streets that are on the extreme left and right margins of the measurements areas (receiver locations 1001-1021 and 1357-1400). For receiver locations 1001-1021, the 2-D method provides slightly pessimistic pre- dictions while the predictions from the VPL method matches more closely with the measurements. On the other side of the prediction area at locations 1359-1400, due to heavy shadowing the 2-D prediction are so weak that they fall below the bottom limit of the graph. On the other hand, the VPL method still gives pessimistic predictions although they are now within 20 dB of the measurements.
In general, the VPL method is able to provide better results than the 2-D method for a mixed-height building environment such as it exist in Rosslyn. This improved result is due to the VPL method's ability to account for rays that propagate over the buildings that are not considered in the 2-D method. The cost is the increase in the computational time due to the additional complexity of considering rooftop diffraction.
In order to provide a quantitative assessment of the accuracy of each method, the average and standard deviation of the prediction error is calculated for the difference between the predictions and measurements. The average error is used to show the systematic error of the prediction method, while the standard deviation of the error is intended to show the range of variation which would indicate the accuracy of the predictions. Table I shows the prediction errors for the VPL method and the other two methods for both frequencies. For all transmitter locations, the comparisons do not include the results for the receivers along Arlington Ridge Road (receiver locations 1357-1400) because the building database did not include a chain-linked fence lining the far side of the street which would have been a significant scatterer. The VPL is able to reduce the large variabilities of the other methods as reflected in the smaller value of . For , is larger for the VPL method because it does not give the very pessimistic prediction of the 2-D method at locations 1359-1400, which offset the generally optimistic predictions of both methods. For , the VPL method gives significantly smaller average error and standard deviation.
C. Comparison with Measurements for Other Locations
Other sets of measurements were conducted in core Rosslyn for three additional transmitters locations ( , , and ) shown in Fig. 7 , as well as for two other transmitters ( and ) located 10 m above street level in a region that is shown in Fig. 10 south of the core area. The buildings within this area are similar to those in core Rosslyn, except in the region located at the bottom left-hand third of the map, where there are mainly low-rise residential buildings. Within this region there are 714 receivers locations numbered consecutively along each street, as shown in Fig. 10 , that are 5 m apart and 2.5 m above the ground. There is also considerable terrain variation along both the and axes within this south Rosslyn area.
For in south Rosslyn, the predictions at most locations are in good agreement with the measurements, as shown in Fig. 11 . The predictions follows the major trends of the measurements for all streets except for receiver locations between 3352-3416 and 3598-3663 were they are 10-20 dB below the measurements. For these receivers the pessimistic predictions of VPL method result because we have allowed for only one diffraction from a vertical edge. When compared with the 2-D ray trace where double diffraction at vertical edges is included, it is evident that two vertical edge diffractions need to be accounted for in order to narrow the difference. The need to include double vertical edge diffraction is also evident for , as shown in Fig. 12 , where predictions for the receivers Table II lists the prediction errors for the rooftop and streetlevel antennas in core Rosslyn and the two 10-m base stations in south Rosslyn. As in the previous cases, the prediction errors for transmitters in core Rosslyn were calculated without the results for the receivers along Arlington Ridge Road (rx 1357-1400). In all cases, the predictions are on average more pessimistic than the measurements, primarily as a result of some receiver locations where the predictions are very low. In these regions it is necessary to account for rays that undergo double diffraction at vertical edges, especially for street-level antennas.
IV. CONCLUSION
The VPL method is a robust ray-tracing technique that can provide relatively accurate site specific propagation predictions in a heterogeneous building environment of a city for base-station antennas located at various heights above the ground. The VPL is able to include a larger class of rays than the simpler 2-D ray trace in the horizontal plane, or the SP/VP method where the rays are confined to the slant and vertical planes between the transmitter and receiver. The method is able to overcome the deficiencies of the other methods without restoring to the complexity of a full 3-D ray trace. The ability to find the 3-D ray paths is particularly necessary for receiver points that are in the nonLOS regions where the propagation mechanisms into the regions are not intuitively obvious.
The model was validated with a large number of measurements for both rooftop and street-level transmitters in various locations of Rosslyn, VA. For each transmitter site, the average and the standard deviation of the difference between the predictions and the measurements were calculated. In order to obtain an overall sense of accuracy for the VPL method, the weighted averages of and for all the street level and rooftop antennas at both frequencies were computed and are listed in Table III. Table III indicates that the VPL method is able to provide predictions that have an average difference of about 2 dB for street level antenna and a standard deviation of approximately 9 dB at both 900 and 1900 MHz. For rooftop antennas, Table III show a larger systematic error associated with the 900 MHz results while a standard deviation of about 7 dB is obtained for both frequencies. In general, the results listed in Table III are very good in comparison to other theoretical and empirical methods used for site specific propagation predictions. Further improvements can be expected from the VPL technique by making the prediction with double vertical-edge diffraction for low base station and the inclusion of a more accurate model for terrain effects.
